Background Previous studies from Western settings have found inconsistent associations of air pollutants with birth outcomes, which are open to residual confounding by socioeconomic position (SEP). We assessed this association in the economically developed non-Western setting of Hong Kong, with high levels of air pollution but little social patterning of these outcomes.
Introduction
Low birthweight and short gestational age have both shortand long-term impacts on health. 1 Lower birthweight and shorter gestational age may result in inadequate development of organ systems, 1 which may affect health throughout life and increase all-cause mortality in adulthood. 2, 3 Low birthweight is a risk factor for cardiovascular disease and mortality 2, 3 and short gestational age is associated with higher blood pressure. 4 Air pollution is a potentially modifiable driver of both birthweight and gestational age. A systematic review and metaanalysis found particulate matter (PM) with a diameter of 10 micrometers or less (PM 10 ) and nitrogen dioxide (NO 2 ) associated with lower birthweight, and PM 10 in the third trimester associated with preterm birth, but sulfur dioxide (SO 2 ) was not associated with birthweight. 5 Nitric oxide (NO) was associated with lower birthweight in a recent cohort study from Canada. 6 With standardized protocols for exposure assessment and data analyses, the European cohort study reported higher risk of low birthweight with higher PM 10 and NO 2 . 7 Most previous studies were conducted in Western settings, where effective measures to improve air quality have already been implemented, so these findings may not generalize to other settings, such as the Asian mega-cities, where air pollution is often more severe. Information from an Asian mega-city enables characterization of the quantum of health effects along the dose response gradient. Moreover, in Western settings, socioeconomic position (SEP) tends to be inversely associated with birthweight, 8 gestational age 9 and air pollution 10 making observations open to residual confounding. Information from a non-Western setting where social patterning of birth outcomes and related exposures is less marked may provide estimates less open to residual confounding.
Hong Kong is a recently developed non-Western setting with a standard of living and social infrastructure similar to Western Europe and North America, but a population formed by migration 11 and little association of SEP with birthweight or gestational age. 12 Hong Kong also has PM 10 , SO 2 and NO 2 about twice as high as levels in similar cities, such as New York, London or Los Angeles, but similar levels of NO. [13] [14] [15] Hong Kong provides an opportunity to assess the impact of air pollution on birth outcomes in a setting with a different socioeconomic patterning.
Air pollution is a complex mix of gases and particulates including many different constituents. Most previous studies have investigated the impact of air pollution on birth outcomes with a single pollutant, 5, 10 or co-pollutant analysis. 16, 17 These analyses are difficult to interpret because pollutants tend to be correlated, 18 so observed associations could be due to particular air pollutant studied or to a correlated air pollutant. We took advantage of a large populationrepresentative birth cohort from Hong Kong, 'Children of 1997', to assess the associations of air pollution with birthweight and gestational age using partial least-squares (PLS) regression to account for colinearity between air pollutants. Given development before birth occurs in phases, and different associations by trimester have been found, 16 we also considered each trimester separately.
Methods

Participants
Hong Kong's 'Children of 1997' birth cohort is a population-representative Chinese birth cohort (n = 8327) that covered 88% of all births in Hong Kong from 1 April 1997 to 31 May 1997 and has been described in detail elsewhere. 11 The study was initially established to investigate the effect of secondhand smoke exposure on infant health. Families were recruited at the first postnatal visit to 1 of the 49 Maternal and Child Health Centers (MCHCs) in Hong Kong, which parents of all newborns are encouraged to attend for free postnatal care. Baseline characteristics were obtained at recruitment using a self-administered questionnaire in Chinese, which included mother's migration status, highest parental education, birthweight, maternal age at birth, parity and date of birth. Household income and household size were also recorded. ) with almost the entire population of 7 million living in a few very densely populated areas. 19 The eight monitoring stations were distributed across the most populous areas of Hong Kong, so that most people lived within 5 km of a monitoring station (Fig. 1 ). Rural and roadside stations were excluded because general stations better represent usual exposure to air pollution. Air pollutants concentrations are determined by automatic analysers continuously at monitoring stations, signals are stored and sent to the EPD via dedicated telephone lines.
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Exposures
The exposures were average PM 10 , SO 2 , NO and NO 2 during pregnancy overall and by trimester. Air pollutants were considered as z-scores (standard deviations, SDs) for comparability. The pregnancy period for each mother was estimated based on date of birth and gestational age. Each mother was assigned to the closest monitoring station to her residential location, preferably from the 1997 location (42%) otherwise from the 2007 location (58%) and average pollution levels at that station were calculated for each mother, during the entire pregnancy and each trimester, using monthly records provided by EPD, with the same THE ASSOCIATION OF AIR POLLUTION WITH BIRTHWEIGHT AND GESTATIONAL AGE information for pregnancies starting in the same month regardless of the date. We defined Trimester 1 as the first to third months, Trimester 2 as the fourth to sixth months and Trimester 3 as the seventh month to the end of pregnancy.
Outcomes
The outcomes were birthweight and gestational age. Birthweight in kilograms and grams was reported at the first postnatal visit to the MCHC based on the hospital record at birth. Gestational age was based on date of birth and last menstrual period and any dating scans.
Statistical analysis
We used chi-square tests and tests for trend to assess the associations of air pollutants with potential confounders, and linear regression in single pollutant analysis and PLS regression in multi-pollutant analysis to assess the adjusted associations of air pollutants with birthweight and gestational age. PLS regression was used to account for colinearity between air pollutants, 18, 21 because correlations between PM 10 , SO 2 and NO 2 , and between NO and NO 2 were high (Supplementary data, Table A-1) . From these analyses, we reported mean differences in birth outcomes per SD of each pollutant with 95% confidence intervals (CIs). We chose the optimal numbers of components for PLS regression at which additional components did not significantly improve the model based on cross-validated root mean squared error of prediction, which represents the average distance of a data point from the fitted line and indicates the goodness of fit (Supplementary data, Figure A-1 and Table A-2). We also performed sensitivity analyses among participants who remained in the same district (non-movers).
We selected confounders as common causes of air pollutants and birth outcomes based on prior knowledge 22 to avoid selecting mediators or colliders that might be statistically, but not causally, associated with exposure and outcomes. Potential confounders included were neighborhood income per head based on residential location (from the 2001 census), household income per head, mother's migration status and highest parental education. To be comprehensive, we also adjusted for covariates that might impact birth outcomes but are unlikely to determine air pollutants, including sex, maternal age at birth, parity and maternal smoking.
Statistical analyses were performed in R 3.1.1. Ethical approval for using the residential location for research purposes was obtained from the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/HA HKW IRB).
Results
Of the 8327 infants recruited in 1997, 29 had permanently withdrawn by January 2016 and were excluded. Of the remaining, 7252 had complete data on exposures and potential confounders, apart from neighborhood income and household income where additional categories were used (19% and 13% missing, respectively) instead of excluding them. Using additional categories is unlikely to bias the results because participants with such missing information were not different from the rest according to Cohen's effect sizes (data not shown). In sensitivity analyses among nonmovers, 2738 participants had complete data. The mean (SD) of pollutants during the entire pregnancy was 59. Table 1 shows the associations of air pollutants with potential confounders and covariates. Higher neighborhood income per head, higher household income per head and higher highest parental education were associated with lower PM 10 , and SO 2 , but with higher NO. Higher neighborhood income per head was also associated with lower NO 2 , but higher household income per head and higher parental education were associated with higher NO 2 . Hong Kong born mothers had lower SO 2 exposure. Higher parity was associated with higher PM 10 and SO 2 , and older mothers had higher NO and NO 2 exposure. Maternal smoking was associated with higher exposure to SO 2 , NO and NO 2 . Table 2 shows that during pregnancy higher PM 10 and NO 2 were associated with lower birthweight and shorter gestational age, while higher SO 2 was associated with higher birthweight and longer gestational age. Findings from the multi-pollutant analysis were similar to those from single pollutant analyses, except some estimates for PM 10 and SO 2 were larger and some for NO 2 were smaller.
Trimester-specific analysis (Figs. 2 and 3 ) found higher PM 10 associated with lower birthweight and shorter gestational age in Trimesters 2 and 3; higher SO 2 associated with lower birthweight and shorter gestational age in Trimester 1, but with higher birthweight and longer gestational age in Trimester 2; higher NO associated with higher birthweight and longer gestational age in Trimester 1, but with lower birthweight and shorter gestational age in Trimester 2; higher NO 2 associated with higher birthweight and longer gestational age in Trimester 2, but with lower birthweight in Trimesters 1 and 3, and shorter gestational age in Trimester 3. Sensitivity analyses among non-movers showed similar results (Supplementary data, Figures A-6 and A-7). 
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Discussion
Main finding of this study
Consistent with a previous meta-analysis mainly pertaining to Western settings, 5 in a non-Western developed setting with high air pollution, little social patterning of birth outcomes and for the first time using a method that enabled simultaneous consideration of PM 10 , SO 2 , NO and NO 2 , higher PM 10 and higher NO 2 were associated with lower birthweight and shorter gestational age, but such associations were not found for SO 2 or NO. Similar to the previous meta-analysis, our trimester-specific analysis found different impacts of air pollutants by trimesters. 5 Specifically, exposures in Trimester 1 tended to have different associations Adjusted for neighborhood income per head, household income per head, mother's migration status, highest parental education levels, the interaction between mother's migration status and highest parental education levels, sex, maternal age at birth, parity and maternal smoking. d In gestational age analysis, the numbers of participants included was 7307. from exposure to the same air pollutants during the entire pregnancy.
What is already known on this topic and what this study adds
Meta-analysis has found 10 µg/m 3 higher PM 10 during pregnancy associated with birthweight lower by 16.8 g (95% CI 13.3-20.2); 23 37.6 µg/m 3 higher NO 2 associated with birthweight lower by 28.1 g (95%CI 11.5-44.8);
5 but no association of these pollutants with preterm birth. 5, 23 Our study found a larger impact on birthweight for these air pollutants, perhaps because the composition of PM 10 varies by setting. In Western settings, SEP also confounds the associations of air pollutants with birthweight and gestational age. 8, 9 Usually, lower SEP is related to higher air pollution exposure due to the affordability of housing 24 and land use decisions placing undesirable facilities in poor neighborhoods less likely to protest effectively. 25, 26 Globally, lower SEP is associated with higher exposure to air pollutants and poorer birth outcomes, 27 while in our cohort, higher SEP was associated with lower exposure to PM 10 , SO 2 and higher exposure to NO and NO 2, but has little association with birthweight or gestational age. 28 A similar association of PM 10 and NO 2 with lower birthweight and shorter gestational age to those seen elsewhere 5, 6 in a setting with a different confounding pattern suggests these associations are biologically based rather than contextually specific. 29 A positive association of SO 2 with higher birthweight has been observed before in the USA and Brazil. 17, 30 PM 10 may exert detrimental effects via oxidative stress and/or inflammation. 31 NO 2 may cause bronchial inflammation, 32, 33 and is an ozone precursor. 34 SO 2 has complex effects, including pro-oxidative, 35 anti-oxidative, 36 inflammatory, 37 anti-inflammatory, 38 vasodilatory 39 and vasoconstrictive 40 effects. Effects may also be setting specific because Chinese have a common genetic polymorphism in aldehyde dehydrogenase 2 which slows metabolism of acetaldehyde which binds to SO 2 , 41 and might affect response to SO 2 . We found NO associated with longer gestational age but not with birthweight. As such, NO may have a detrimental effect on foetal growth rate which is compensated for by longer gestation.
Trimester-specific associations of air pollutants with birthweight and gestational age have been observed before. 5, 23 Other studies found PM 10 , SO 2 and NO 2 associated with lower risk of low birthweight in the third trimester, but a higher risk of low birthweight in the first and second trimesters. 42 These differences have been attributed to foetal development, 43 but could also be due to a compensatory mechanism, whereby the initiation of birth depends on reaching a certain weight. In our study, these trimesterspecific associations could be related to seasonality. Our cohort, born in April and May, are all subject to the same seasonal effects of air pollution, which is lower in the However, SO 2 , which varies little by season, also had different associations by trimester, suggesting differences by trimester are not entirely seasonal effects. The positive associations of air pollution with birthweight and gestational age in Trimester 1 could be due to particularly damaging effects in that trimester resulting in fetuses destined to be small or premature never being born due to miscarriage or abortion, which could artificially generate apparently null or protective associations in Trimester 1.
By considering, for the first time, several air pollutants simultaneously using PLS regression, our study, though with limitations, shows complex associations of air pollution with birthweight and gestational age. Although the effects are relatively modest, population-wide exposure to air pollution could shift the population distribution and substantially increase the number of lower birthweight and very preterm newborns, thereby affecting adult health. Due to the complexity of the mechanisms by which air pollutants affect health and interactions between air pollutants, the benefit of reducing an individual air pollutant may surpass an estimate based on a single pollutant's toxicity, 34 reducing air pollution as a whole may be most beneficial from a public health perspective. Furthermore, narrowing socioeconomic inequalities in air pollution may deliver additional benefits as seen with the introduction of the Congestion Charging Scheme in London. 44 Japan and some parts of China have experienced decreasing trends in some air pollutants, 45, 46 but the trends of PM 10 , SO 2 and NO 2 in Hong Kong are fairly flat 47 (Supplementary data, Figure A-9 ). Assessing policy effects from observational data is always challenging; however, the use of innovative approaches, such as using the sex ratio as a measure of foetal health, suggests the Clean Air Act Amendment in the USA in 1970 had substantial beneficial effects on foetal health. 48 
Limitations
Despite including 88% of all births during the recruitment period our study has limitations. First, exposure to air pollutants was estimated based on eight monitoring stations, 79% of the participants lived within 5 km of a monitoring station, but variability of exposure is limited (63 different values for PM 10 and NO 2 , 57 for NO and 41 for SO 2 ). Carbon monoxide and ozone were only recorded at three stations, and so were not included; the observed association may be due to other pollutants. Second, residential location was based on two time points, which could result in exposure misclassification. However, only 14% of participants with valid locations at both time points moved to another district. Moreover, associations were similar for non-movers. We also used residential air pollution exposure when women may work and socialize elsewhere. However, personalized exposure is not practical for large-scale studies. Most (51%) of the mothers were not working, associations were similar by employment status (data not shown). Imprecise air pollution assessment most likely biases towards the null. Third, we did not consider prior exposure to air pollution, either lifetime exposure that might condition the mother's fitness for pregnancy or a lagged exposure during pregnancy. Lifetime exposure may be partially captured by SEP and mother's place of birth, while the appropriate lag time for a fetus is unclear. Similar to most previous studies, we focused on air pollution during pregnancy. Fourth, our participants were born in April or May 1997, so our study could not account for seasonal effects, when air pollutants in Hong Kong vary during the year. 49 Season might also impact birthweight through other factors such as sunlight exposure in low-latitude areas. 50 However, excluding any seasonal effect may also be a strength, because air pollution and birthweight vary with season making it difficult to distinguish the contribution of air pollution from that of season. Spatial variability was also limited as the study was conducted in one compact city. In addition, we were unable to measure indoor air pollutant which is related to outdoor air quality. 51 Finally, we recruited at birth, and so did not capture any effects of air pollutants on pregnancy loss.
Conclusion
In a developed non-Western setting with little social patterning of birthweight and gestational age, our study identified a detrimental association of PM 10 and NO 2 with birthweight and gestational age. However, detrimental effects of SO 2 and NO were less obvious. Physiological mechanisms underlying these associations have not yet been fully delineated, and may differ by population. In summary, further research is needed to understand the impact of air pollution on birth outcomes. Nevertheless, given the interrelation between air pollutants, broadly based policies to improve air quality may be the most effective means of reducing insults to population health.
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